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ABSTRACT
A comparative analysis of satellite visible-channel imagery and
ground-based aerosol measurements is carried out for three cases
(20-23 July 1978; 3-5 August 1977; and 8-10 July 1974), each of which
represents a significant pollution episode based on low surface visi-
bility and high sulfate levels. The satellite data analyzed include
NOAA/VHRR, GOES, and Landsat; the sulfate measurements are from the
Sulfate Regional Experiment (SURE) network. In addition to the analysis
of the satellite imagery, the feasibility of detecting pollution episodes
from space is investigated using a simulation model. The model results
are compared to quantitative information derived from digitized satellite
data.
The results show that when a regional air pollution episode has
built up over a period of three to five days to a point where sulfate
levels of _ 30 _g/m3 are being measured, a haze pattern that correlates
closely with the area of reported low surface visibilities and high
sulfate levels can be detected in satellite visible-channel imagery.
The extent and transport of the haze pattern can be monitored from the
satellite data over the period of the maximum intensity of the episode.
The model simulation demonstrates the potential of the satellite to
monitor both the magnitude and areal extent of pollution episodes.
Quantitative information on total aerosol amount derived from the satel-
lite digitized data using the atmospheric radiative transfer model agrees
well with the results obtained from the ground based measurements.
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ACRONYMS
AVHRR Advanced Very High Resolution Radiometer
DMSP Defense Meteorological Satellite Program
DOE Department of Energy
EPA Environmental Protection Agency
EPRI Electric Power Research Institute
ERT Environmental Research & Technology, Inc.
GOES Geostationary Operational Environmental Satellite
GSFC Goddard Space Flight Center
LaRC Langley Research Center
MSS Multispectral Scanner
NADB National Aerometric Data Bank
NASA National Aeronautics and Space Administration
NASN National Air Sampling Network
NOAA National Oceanographic and Atmospheric Administration
NWS National Weather Service
RBV Return Beam Vidicon
SDSD Satellite Data Services Division
SURE Sulfate Regional Experiment
TVA Tennessee Valley Authority
VHRR Very High Resolution Radiometer
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This study was performed by Environmental Research & Technology, Inc.
(ERT) for the National Aeronautics and Space Administration Langley
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Representative for the contract was Mr. Wendell G. Ayers of the Environ-
mental Quality Project Office.
The ground-based aerosol measurements used in the study were col-
lected as part of the Sulfate Regional Experiment (SURE), sponsored by
the Electric Power Research Institute (EPRI). The authors are grateful
to Dr. Peter K. Mueller of ERT's Environmental Chemistry Center for pro-
viding these data and for his helpful suggestions during the study.
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I. INTRODUCTION
i.I Purpose and Objectives
This study was performed for the National Aeronautics and Space
Administration (NASA)Langley Research Center (LaRC) by Environmental
Research & Technology, Inc. (ERT). The purpose of the study was to
evaluate the capabilities of satellite imagery for monitoring regional
air pollution episodes. Because earth observational satellites view
large portions of the earth's surface, they have the potential for
detecting and monitoring pollutants on a regional scale.
Concern with atmospheric pollution and pollutant transport on a
regional scale has been increasing over recent years as the result of
studies in both the United States and Europe (see, for example, Bolin and
Persson, 1974; Prahm et al, 1975; and Nyberg, 1976). Airborne particu-
late sulfates are of particular concern because of their possible adverse
effects to human health (EPA, 1974; Tong et al, 1976; and Hidy et al,
1977). As the result of these findings, a comprehensive sulfate measure-
ment program was established in 1977. The Sulfate Regional Experiment
(SURE) is funded by the Electric Power Research Institute (EPRI), coor-
dinated with the Environmental Protection Agency (EPA) and the Department
of Energy (DOE). The SURE data base provides for the first time ground-
based aerosol measurements suitable to be used as correlative data in an
analysis of satellite observations.
The specific objectives of the study were to perform visual and
digital analyses of satellite visible and infrared data for selected high
sulfate episodes over the northeastern United States and to compare the
results of the analyses of the satellite data with the ground-based SURE
measurements. The satellite data were to be selected from various exist-
ing systems including the NOAA Very High Resolution Radiometer (VHRR),
the Defense Meteorological Satellite Program (DMSP), the Geostationary
Operational Environmental Satellite (GOES), and Landsat. Further objectives
of the study were to evaluate model simulation of regional air pollution
episodes from space and to evaluate the capabilities of future systems for
regional pollutant monitoring.
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1.2 Previous Studies of the Use of Satellite Data to
Detect Atmospheric Aerosols
The detection of certain types of air pollution patterns from satel-
lite imagery has been noted by a number of investigators in recent years.
McLellan (1971) successfully correlated a series of ATS-3 satellite images
of reflected radiation from the City of Los Angeles at 40-minute inter-
vals on 23 April 1968 with various ground-based meteorological data.
The analysis of the data indicated the feasibility of satellite monitor-
ing of short-term atmospheric pollution variation over large urban areas.
Prospero, et al (1970) showed the feasibility of satellite monitoring of
global scale movements of natural pollution. In this study, a series of
ATS-3 images were correlated with aircraft and ship sampling data of dust
being transported by air currents from the arid and semi-arid regions of
North Africa across the Atlantic to the Caribbean during the summer of
1969.
Other investigators have studied the application of Landsat data as
a means for monitoring environmental quality. Lyons and Northouse (1973)
showed that the interaction of air pollution and meteorological conditions
over the Great Lakes led to inadvertent weather modification detectable
in Landsat imagery. Griggs (1973) found that radiance measurements over
water could be used successfully to calculate the vertical aerosol bur-
den to an accuracy approaching ±10%. In a more recent investigation,
Brown and Karn (1976) examined the usefulness of Landsat imagery for
detecting sources of air pollution resulting from coal utilization in the
Ohio and Monogahela River valleys south of Pittsburgh, Pennsylvania.
This area is heavily industrialized and includes many coal-fired power-
generating stations; in this investigation, large billowy steam plumes
from specific point sources were identified in Landsat imagery.
In another study of the use of Landsat to detect atmospheric aero-
sols, Fraser (1976) determined the mass of particulates in a vertical
column of dust outflow from northwestern Africa with the aid of Landsat
measurements of nadir radiance. The mass of dustwas also estimated from
the nadir radiance of a radiative transfer model of the ocean-atmosphere
system. The computed radiance agreed within 10% of the radiance measured
by satellite. Fraser also compared the radiance measured by each of the
four Landsat spectral bands for various locations over the ocean and a
1-2
ENVIRONMENTALRESEARCH&TECHNOLOGY.INC.
high-altitude lake. As to be expected because Rayleigh scattering is
large at the shorter wavelengths, the radiance measured at the shortest
Landsat band (0.5 - 0.6 pm) was found to be the greatest in each case.
Following his earlier work, Griggs (1978) determined the aerosol
content in the atmosphere from Landsat using a large set of data and
found good agreement between the measured radiances over the ocean and
the aerosol content. In his study, Griggs discussed some of the potential
problems affecting the Landsat measurements. Over inland water areas, the
shorter wavelength bands can be affected by water pollution; the near-
infrared band is affected less by water pollution, so is the best band
for measuring aerosols over these areas. Over the ocean, the potential
problems include sunglint, wind shadow, and observations of internal
waves. However, Griggs points out that internal waves are observed only
in areas with both calm seas and sunglint, and should therefore, not
affect the measurements in nonsunglint areas.
The feasibility of using satellite imagery techniques to observe
regional sulfate pollution stems from the fact that anthropogenic sulfate
particles in the ambient air are largely a product of atmospheric reac-
tions involving a group of precursor chemicals and catalysts. Particle
size measurements show a bimodal distribution (see Wilson, et al, 1976)
with a major mode in the size range between 0.i pm to 2 _m. The optical
scattering properties of these small suspended particles is believed to
be a major cause of the hazy layer observable over large areas (Weiss,
et al, 1977). Encouraging work by Husar, et al (1976) has shown that the
movement of large masses of low visibility air can be tracked as entities
for days using only routine synoptic observations. In addition, Lyons
and Husar [1976) reported the likely detection of a synoptic-scale sul-
fate air pollution episode over the central and eastern United States in
SMS/GOES visible images. It was shown that image "haziness" correlated
well with midday surface visibility reports, which in turn appeared to
correlate with sulfate aerosol concentrations. Unfortunately, Lyons and
Husar were not able to show the regional extent of the high sulfate epi-
sode because the available sulfate measurements were only for a limited
area.
In a feasibility study carried out by ERT for the EPA, Region I,
Air Branch (Bowley et al, 1977), the potential usefulness of satellite
1-3
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data for monitoring air pollutant patterns over southern New England was
shown. The results, especially of a high sulfate episode that covered a
large portion of the Northeast, were encouraging. In this sulfate case,
with visual interpretation of DMSP thermal infrared imagery, a qualita-
tive correspondence was found between the satellite-observed haze layer
and the observed regional sulfate pattern.
1-4
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2. DATA BASE
2.1 Satellite Data
Data from various satellite systems were used in the study. These
data included imagery from the NOAA Very High Resolution Radiometer
(VHRR), the Geostationary Operational Environmental Satellite (GOES),
the Defense Meteorological Satellite Program (DMSP), and Landsat.
Because of the requirement to view relatively large areas, such as the
entire northeastern United States, the effort was concentrated on the
analysis of the VHRR and GOES imagery. Only a limited sample of DMSP
imagery was acquired, since these data are not as readily available as
the VHRR. Landsat data were analyzed for only a few scenes within haze
areas as detected in the VHRR and GOES images.
The satellite data analysis was carried out primarily using data
in the imagery format. VHRR and GOES digital tape data were also acquired
for one case. Only the VHRR digital data were analyzed, however, because
the only available GOES observation was at a less appropriate time of
day.
The characteristics of the different satellite systems are described
below. The imagery analyzed in the study is shown in Section 3, and the
analysis of the digitized data is discussed in Section 4.
2.1.i NOAA VHRR (Very High Resolution Radiometer)
The NOAA VHRR is one instrument of the sensor complement of the
NOAA series of meteorological satellites, which operated from January
1973 to early 1979. In early 1979, this series of satellites has been
replaced by the next generation series, the TIROS-N series. TIROS-N
carries an improved sensor, the Advanced Very High Resolution Radiometer
(AVHRR). Both the NOAA series and TIROS-N series are polar-orbiting
satellites, so provide two observations per day (one daytime and one
nighttime pass). The NOAA satellites were at an altitude of about 1500 km.
The VHRR is a two-channel radiometer, with one channel sensitive to
reflective solar radiation in the 0.5 - 0.7 um wavelengths, and the other
channel measuring the thermal radiation emitted by clouds and the earth's
surface in the infrared 10.5 - 12.5 um wavelengths. The relative spectral
response for each channel is shown in Figures 2-1 (a and b). The spatial
2-1
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resolution of the VHRR is about 1 km. The scale of the standard size
prints is approximately I:I0 million.
The VHRR is designed primarily for direct readout use as an opera-
tional meteorological satellite sensor. The area that can be observed
when the satellite passes directly overhead is a strip about 2,200 km
wide and more than 5,000 km long. This allows broad overall synoptic
weather patterns to be determined from each individual pass.
2.1.2 GOES _Geostationary Operational Environmental Satellite)
The GOES system provides another type of operational meteorological
satellite data. Since 1974, two GOES satellites have been stationed
over the equator in earth synchronous orbits in positions to view the
eastern and western United States. These satellites are at altitudes
of approximately 36,000 km. Because of its earth synchronous orbit,
GOES provides coverage of the earth's disc on an essentially continuous
basis, with data being collected every one-half hour. Thus, cloud
motions can be tracked and storm development can be monitored; using the
cloud motions, it is possible to derive low-level wind flow. As with
the VHRR, the GOES sensor system carries a thermal infrared channel for
obtaining nighttime data. The visible channel radiometer operates in
the 0.55 to 0.70 _m wavelength at a maximum spatial resolution of 1 km,
whereas the infrared channel operates in the 10.5 to 12.5 _m wavelength
at a resolution of 7 km. The visible channel data can be processed at
different resolutions depending on the size of the area viewed; the
images analyzed in the study were at the 2 km resolution, at a scale of
approximately 1:12 million, slightly smaller than that of the VHRR
images.
2.1.3 DMSP _Defense Meteorological Satellite Program)
The Air Force DMSP is another satellite system useful for providing
meteorological and oceanographic data. These polar orbiting, sun syn-
chronous satellites are positioned about 900 km above the earth. The
DHSP system is similar to the NOAA meteorological satellite system, pro-
viding coverage every day with a radiometer that has visible and thermal
infrared channels. The spectral bands are slightly different thatn the
VHRR, however, with the visible band extending into the near-infrared
2-3
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_0.4 - i.I _m) and the thermal infrared band having a broader spectral
range (8 - 13 _m). The DMSP resolution is about 0.6 kin,so is somewhat
better than that of the VHRR. The sensor views a swath 3,000 km wide
under the spacecraft.
The DMSP data are acquired in real time at Air Force and Navy
readout stations and are used by the military weather service as an
operational product. Although the data are made avilable to nonmilitary
users, the DMSP data are not archived in an easily accessible form and,
therefore, are not as readily available as the NOAA data. Therefore,
only a small number of DMSP images were acquired for the study; moreover,
the images available for the dates of interest were not of sufficient
quality to permit detailed analysis of subtle gray-shade patterns.
2.1.4 Landsat
High resolution, multispectral data from space first became avail-
able in the summer of 1972 with the launch of Landsat-l, called at that
time the Earth Resources Technology Satellite (ERTS). Landsat-2 was
placed in operation in January 1975, and Landsat-3 was launched in March
1978. The Landsat spacecraft are polar orbiting satellites that observe
the earth from an altitude of approximately 900 km. The primary sensor
system carried by Landsat is the Hultispectral Scanner (MSS). The MSS
observes in four spectral bands, ranging from the visible to the near-
infrared portions of the spectrum. The four bands are the HSS-4 (green:
0.5 - 0.6 _m), MSS-5 (red: 0.6 - 0.7 _m), MSS-6 (red to near-infrared:
0.7 - 0.8 _m), and MSS-7 (near-infrared: 0.8 - i.i _m). Landsat-3 also
carries a fifth MSS band, which measures in the thermal infrared portion
of the spectrum (10.5 - 12.5 um). A second sensor system, the Return
Beam Vidicon (RBV), failed early in the life of Landsat-I and was used
very little on Landsat-2.
Landsat views an area 185 km wide, and the MSS has a ground resolu-
tion of 80 meters; the standard data format is at a scale of i:i million,
although features can be mapped accurately from the imagery to a scale of
at least 1:250,000. Since Landsat views a relatively narrow swath,
the satellite does not provide repeat coverage each day; in fact, at
lower latitudes, the satellite repeats coverage of the same area only
once every 18 days. Because of the relatively small area viewed and
2-4
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and the infrequent repeat coverage, Landsat has only limited use for
monitoring air pollution.
2.2 Ground-Based Aerosol Measurements
The occurrence of atmopsheric aerosols in the northeastern United
States is discussed in a paper by Mueller,et al (1979). In this paper,
the authors point out that major regional scale studies have been under-
taken in recent years because of the concerns with the origins and
effects of the occasionally widespread occurrence of hazes over the
northeastern United States. Early results from these studies involving
data primarily from the summer months, have indicated that regional hazes
occur in multiday episodes that involve synoptic scale stagnation condi-
tions with inflow of maritime tropical air into the eastern and mid-
western United States. Sulfate is a major component of the particles in
these hazes, and therefore, continues to be of considerable interest.
Some ground-based aerosol measurements applicable to regional-scale
studies were collected for 1974 from the EPA's National Aerometric Data
Bank (NADB) and the Tennessee Valley Authority (TVA), as well as from
the National Air Sampling Network (NASN) stations. The sulfate measure-
ments taken at all stations consisted of 24-hour average values obtained
by chemical analysis of high volume particulate filters. The network
of stations at that time was not adequate, however, to carry out thorough
regional-scale studies.
A much more comprehensive measurement program was undertaken in
1977 (Mueller, et al, 1979). The purpose of the Sulfate Regional Experi-
ment (SURE), sponsored by the Electric Power Research Institute, is to
establish an extensive data base on the mass concentration, size distri-
bution and chemical composition of the atmospheric particulate matter in
the nonurban eastern United States for several seasons. Data have been
acquired from a 54 ground station network from August 1977 through Octo-
ber 1978, and from aircraft during six days of flying during one month
each season. The area covered by the SURE is approximately 2400 km x
1840 km from eastern Kansas to the Atlantic Coast, and from mid-Alabama
to southeastern Canada. The SURE station network is shown in Figure 2-2.
The ground monitoring network for the SURE consists of nine Class I
stations and 45 Class II stations. The Class I stations are instrumented
2-5
Figure 2-2 SURE Region Showing Locations of the Ground Measurement Sta-
tions and Their Code Numbers. Triangles are the Class I
Stations; the Circles are Class II Stations
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to operate continuously for 19 months, mesuring S02, N0/NOx, 03, parti-
culate mass, sulfate, nitrates and other supplemental parameters such as
hydrocarbons and trace metals. Sulfates are being measured to provide
24-hour averages daily and, to delineate the diurnal variations, 3-hourly
averages are measured during the central month for each season of the SURE
period. They are also being sampled in two-size fractions to delineate
the magnitude of the refined suspended particulates.
The Class II stations are being operated for only the central month
of each season. Parameters being measured are SO2 and 24-hour average
sulfate and particulate concentrations. The intensive measurement months
are August and October 1977, and January, April, July and October 1978.
In addition to these air quality measurements, supporting meteorolo-
gical data are also being obtained from existing National Weather Service
(_VS) observing stations throughout the eastern half of the United States.
The meteorological data consists of hourly AIRWAYS synoptic observations,
as well as radiosonde soundings and pilot balloon soundings.
The ground-based measurements used in the study to correlate with
the satellite observations consisted of synoptic maps of 24-hour average
sulfate values derived from the SURE network during the intensive data
collection months.
2.3 Case Selection
The selection of cases for analysis was initially based on the presence
of high sulfate levels over the Northeast as reported by the ground-truth
SURE network during the intensive data gathering months. Examination of
all of the SURE synoptic sulfate maps during these intensive data
gathering months showed that the peak regional sulfate episodes occurred
during the August 1977 and July 1978 periods. Also, earlier data on file
at ERT for selected stations from the EPA's National Aerometric Data Bank
(NADB) and the Tennessee Valley Authority (_A) showed high regional
sulfate levels during early July 1974.
Based on the review of the sulfate measurements, three cases were
selected for analysis: (I) 20-23 July 1978; (2) 3-5 August 1977; and
(3) 8-10 July 1974. In total, therefore, i0 days of data were selected
for analysis. Following the selection of the study periods, all support-
ing meteorological data and all available satellite data were acquired.
2-7
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Since NOAA/VHRR digitized data are not routinely archived, it was possible
to acquire these digitized tapes only for the most recent case (July
1978). The GOES digital tape data were also acquired for this case;
however, these data were not processed because the observation was during
the early afternoon _only tape available from NOAA file) when considerable
low level cumuliform cloudiness was forming within the haze area. Addi-
tional GOES digital tapes were received from NASA for a mid-morning
observation on 22 and 23 July 1978; however, the tapes were received too
late to be processed and analyzed for inclusion in this report.
The comparative analysis of the satellite imagery and the ground-
based measurements, including meteorological data and the aerosol data,
is discussed in the following section.
2-8
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3. COMPARATIVE ANALYSIS OF SATELLITE IMAGERY AND
GROUND-BASED VISIBILITY AND AEROSOL MEASUREMENTS
3.1 Case 1 - 20-23 July 1978
3.1.I Synoptic Situation and Visibility Data
The center of a large anticyclonic circulation (high pressure sys-
tem) moved eastward off the mid-Atlantic coastal region on 19 July, with
a ridge of high pressure extending westward into the mid-western states.
The clockwise circulation around this large high pressure system was
responsible for a southerly flow of warm, humid tropic maritime air
across much of the eastern half of the United States. This northward
advection of tropical maritime air was reinforced on 21 July as the
Bermuda High pushed westward across the southeastern states, in the wake
of a weak coastal low which was moving off to the northeast.
Daytime high temperatures across the Ohio Valley region eastward
into New England ranged from 30 to 35°C (86-95°F) throughout the period,
while dew point temperatures reached 20-24°C (68-75°F). Surface winds
were generally light from the south to southwest, rarely exceeding 5 mps
(i0 knots).
A cold front which had been moving slowly southeastward across the
Great Lakes region and southeastern Canada on 20 July became stationary
across the southern Great Lakes eastward into northern New England on
21 July. By 23 July, a secondary cold front that had been approaching
rapidly from the southern Hudson Bay region merged with the stationary
frontal system. This new push of cool, dry, Canadian air advected
southeastward across the northeast region as a rather active cold front
on 24 July, spelling an end to the high regional pollution event. The
positions of frontal systems and the centers of high pressure systems,
as well as the positions of the center of a weak low pressure system
moving northeastward off the East Coast, are indicated in Figures 3-1
through 3-4. Isopleths of surface visibility are also shown in these
figures.
The analysis of mid-morning visibility isopleths derived from the
National Weather Service (NWS) hourly weather data for 20 July (Figure
3-1), shows a broad region experiencing four miles or less visibility
3-1
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Figure 3-I Map of 20 July 1978, 1400 GMT, Showing Isopleths of Surface
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Highs and Lows
) ) ) _ ) ) _ ) _ ) )
) ) _ ) ) ) } ) _ )
7908071 7908137
2 4 L
!
/
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Visibility and Positions of Frontal Systems and Centers of
Highs and Lows (in miles)
2
ENVIRONMENTALRESEARCH&TECHNOLOGYINC
in haze. Several small pockets of two miles or less visibility in haze
are also located across the Ohio Valley region. By late morning on 21
July (Figure 3-2), the area with less than four miles visibility in haze
is elongated southwest to northeast from the Ohio Valley region into
New England, whereas a small area with visibility of two miles or less
is centered in western Pennsylvania near Pittsburgh. This area of two
miles or less visibility expanded considerably by mid-morning on 22 July
(Figure 3-3) to cover much of Pennsylvania, western New York state, and
central Ohio. The four-mile visibility isopleth on this date is shown
to extend off the coastal area of New Jersey northward to New England.
By mid-morning on 23 July (Figure 3-4), the area of two miles or less
visibility in haze is centered over southern New York state, eastern
Pennsylvania, New Jersey, and off the coast south of New England.
The overall eastward transport of these reduced visibility areas
during this four-day period shows a good correlation with wind flow patterns
at upper levels over the Northeast. Winds at the 850-mb level (_ 1500 m)
were westerly (toward the east) at from 5 to 12 mps (i0 to 25 knots)
throughout the period. The mid to late morning times of the visibility
analyses were chosen to coincide with the times of the NOAA/VHRR and GOES
satellite visible images in which a haze pattern could be detected.
3.1.2 Sulfate Data
Analyses of 24-hour average sulfate levels from the SURE network,
shown in Figures 3-5 through 3-8, indicate high regional sulfate levels
over the northeast United States throughout the four-day period.
On 20 July (Figure 3-5), a narrow band of elevated sulfate levels
(30 to 40 _g/m3) is elongated southwest to northeast from central Indiana
to Lake Ontario, while measurements in the range of 20 to 30 ug/m3 extend
generally west to east from western New York state to off the New England
coast. By 21 July (Figure 3-6), the maximum 24-hour sulfate levels
remain in a narrow band of from 30 to 40 ug/m3, extending northeastward
from southern Indiana and Ohio to western New York state. However, on
this date, a maximum reading of 44 _g/m3 is reported in southwestern
Pennsylvania near Pittsburgh. The highest 24-hour average sulfate levels
during the entire episode occurred on 22 July (Figure 3-7) when readings
of from 40 to 55 _g/m3 were reported over southeastern Pennsylvania,
3-6
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Figure 3-8 Analysis of 24-Hour Average Sulfate Levels from SURE Network
for 23 July 1978
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northern Maryland, and Delaware. In addition, elevated sulfate levels
of from 20 to 30 _g/m3 are extending well off the coast on this date and
as far west as central Indiana. By 23 July (Figure 3-8), the maximum
sulfate levels of from 30 to 40 _g/m3 are located along the immediate
coastal region from Maryland to southern New England. Also on this date,
levels of from 20 to 30 _g/m3 extend only as far west as central Pennsyl-
vania and eastern West Virginia. This is the result of the advancing
cold front beginning to clear out the regional pollution event.
Throughout the episode, a close relationship was found to exist
between the locations of reduced surface visibility in haze and the
locations of peak sulfate levels. The sulfate synoptic maps also display
an overall eastward transport of the highest sulfate levels during the
four-day episode.
3.1.3 Analyses of Satellite Imagery
Three GOES visible channel images (mid-morning, early afternoon,
and late afternoon) were examined for each day of the episode. Of the
three times of day, a haze pattern was best definable during the mid-
morning hours. The imagery of the early and late afternoon hours displayed
considerable low level, fair weather cumulus cloud cover over the area of
elevated pollution levels. In most instances, this cloud contamination
during times of maximum solar heating (afternoon) obscured any haze
pattern that might otherwise have been detectable in the imagery.
In these GOES images, as well as in other satellite visible channel
images, haze patterns associated with regional pollution episodes can be
detected because of their increased level of reflectance as compared to
normal background brightness levels. This is particularly true when the
haze pattern extends out over the usually darker background (without
sun glint) of the ocean surface. Additionally, image contrast is reduced
within the areas of the haze patterns.
The haze patterns can be distinguished from clouds primarily because
clouds are much brighter and tend to have more sharply defined edges.
Haze patterns, on the other hand, tend to display a generally higher
brightness near the center of the area than at the outer periphery; in
some instances, it is not possible to define a distinct edge to the ob-
served haze pattern. Concurrent thermal infrared imagery can also be of
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use to assess whether any thin cirrus cloud is present which could be
confused with the haze area; in the thermal IR channel, even thin cirrus,
which may be transparent in the visible image, appears opaque.
The GOES visible image (2 km resolution-sectorized) of 1330 GMT
(0830 LST), 20 July, shown in Figure 3-9, displays a small area of hazi-
ness near the western end of Lake Erie and northern Ohio, and another
area of higher reflectance located in central New York state. Each of
these maximum brightness areas falls within the area of four miles or
less visibility (Figure 3-1) and within areas reporting average 24-hour
sulfate levels of from 20 to 35 _g/m3.
The GOES visible image 24 hours later on 21 July, shown in Figure
3-10, displays considerably more haziness associated with the regional
pollution episode. The band of maximum haze reflectance (dashed line)
agrees well with the location of the southern half of the maximum 24-hour
sulfate levels of from 30 to 40 _g/m3. The area of the northern half of
the band of maximum sulfate levels contains considerable cloud contamina-
tion at this time, severely restricting the detection of the more subtle
high reflectance patterns associated with haziness. A boundary of lesser
reflectance (solid line) on this date falls generally between sulfate
levels of from i0 to 20 _g/m3.
By 1330 GMT on 22 July, the overall haze pattern is extremely well
defined in the GOES image, as shown in Figure 3-11. The area of maximum
reflectance (dashed line), which extends from central Ohio eastward to
well off the coast south of New England, corresponds closely with the
area of minimum surface visibility in haze (Figure 3-3) and the region
of maximum 24-hour average sulfate levels of from 30 to 55 _g/m3 for
this date (Figure 3-7). A distinct boundary of lesser reflectance (solid
line) is clearly displayed well off the coast over the darker ocean back-
ground, and remains detectable, to a somewhat lesser degree, over the
land area.
On 23 July, the haze area observed in the 1330 GMT GOES image
(Figure 3-12) displays a maximum reflectance (dashed line) extending
eastward from the New Jersey and southern New England coastal region, well
into the Atlantic. The western extent of this maximum reflectance area
agrees well with the boundary of the >30 _g/m3 sulfate level (Figure 3-8),
and the area of minimum surface visibility in haze (Figure 3-4). The
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Figure 3-9 GOES Visible Band Image (2km Resolution-Sectorized) of
1330 GMT (0830 LST), 20 July 1978, Showing Small Areas of
Haziness at Western End of Lake Erie and in Central
New York State
zz
Figure 3-10 GOES Visible Band Image (2 km Resolution-Sectorized) of 1330
GMT (0830 LST), 21 July 1978, Showing Considerably More Hazi-
ness Associated with the Regional Pollution Event
IFigure 3-11 GOES Visible Band Image (2 km Resolution-Sectorized) of 1330
GMT (0830 LST), 22 July 1978, Showing Well-Defined Haze Pat-
tern Extending from Central Ohio, Eastward to Well off the
East Coast
Figure 3-12 GOES Visible Band Image (2 km Resolution-Sectorized) of 1330
GMT (0830 LST), 23 July 1978, Showing Well-Defined Haze Pat-
tern Extending Eastward off the Coastal Region Well into the
Atlantic
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boundary of the zone of lesser reflectance (solid line) shows a generally
good correlation to the western limit of the 20 vg/m3.
Examination of NOAA/VHRR daytime visible imagery during the four-
day episode also showed that the haze area was clearly detectable on
22 and 23 July. The 1435 GMT (0935 LST) NOAA/VHRR visible band image
of 22 July is shown in Figure 3-13. The area of maximum haze reflectance
is centered near 40°N and 75°W, over New Jersey, Delaware, eastern Pennsyl-
vania, and southern New York. This correlateswell with the SURE sulfate
analysis for this date, shown in Figure 3-7. With the orbital track of
the NOAA satellite slightly to the west of the coastal region, the oblique
look angle combined with fairly low sun angle in this instance has caused
higher reflectance over the ocean surface and lower reflectance over the
land area. Therefore, much of the haze area and its distinct boundary
that is observed in the GOES image for this date (Figure 3-11) over the
ocean region,is undetectable due to sun glint off the ocean surface.
The NOAA/VHRR visible band image of 1350 GMT (0850 LST) on 23 July
displays an orbital track considerably further to the east, alleviating
any sun glint problem. The haze pattern moving eastward off the coast
is clearly displayed and compares well to the haze pattern observed in the
corresponding GOES image (Figure 3-12). The corresponding NOAA/VHRR
thermal infrared image displays no thermal pattern that corresponds to
the area of maximum haze reflectance off the Maryland-New Jersey coast
seen in the visible band. However, ocean thermal patterns can be seen
in the IR image, indicating that the pattern o£ high reflectance in the
corresponding visible image is associated with pollution haze and not
thin cirrus cloud.
A Landsat scene was also available on 23 July within the band of
maximum haze reflectance located off the east coast. Examination o£ each
of the four Landsat MSS images ranging from the visible to the near-infrared
showed that the pollution haze remained clearly visible into the near-
infrared spectral region. Other studies (Barnes et al, 1979) have shown
that haze areas associated with dissipating fog and high humidity are
readily detectable only in the MSS-4 (0.5 - 0.6 vm) and MSS-5 (0.6 -
0.7 vm) visible bands with little or no indication apparent in the MSS-6
(0.7 - 0.8 vm) and MSS-7 (0.8 - i.i vm) near-infrared bands.
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7908126 Figure 3-13 NOAA/VHRR Visible Band Image of 1435 GMT (0935 LST), 22 July
1978, Showing Area of Maximum Haze Reflectance Centered Near
40°N and 75°W
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The Landsat MSS-5 visible band image shown in Figure 3-15 is centered
near 38°44'N latitude and 71°W longitude, within the band of maximum haze
reflectance displayed in Figures 3-12 (GOES) and 3-14 (NOAA/VHRR). This
image clearly displays the overall grey haze tone associated with the
regional pollution event advecting eastward off the coast. Also, some
low level cumuliform cloudiness (brightest) is apparent in the lower right
portion of the image. The corresponding MSS-7 (.8 - I.I p) near-infrared
image shown in Figure 3-16 also displays the increased reflectance of the
high concentration of pollution aerosols associated with this episode.
3.2 Case 2 - 3-5 August 1977
3.2.1 Synoptic Situation and Visibility Data
The synoptic conditions during this three-day period were character-
ized by the "Bermuda High" building westward over the southeastern states,
resulting in light southwesterly surface wind flow over much of the
eastern third of the U.S., with warm, humid tropical air advecting north-
ward into the Ohio Valley region, then eastward into New England. A
weakening stationary front extended from the Gulf of Mexico northeastward
to off the mid-Atlantic coast on 3 August, and by 5 August a weak cold
front had moved into eastern New York state and northern Vermont. Daytime
high temperatures throughout the three-day period ranged from 29 to 32°C
(mid to upper 80's °F) across the Northeast, with dew point temperatures
generally in the range of 20-23°C (upper 60's to low 70's °F).
The development of reduced visibility areas (_4 miles) in haze and
light fog and their eventual transport northeastward into New York state
and New England is well documented on daily visibility maps shown in
Figures 3-17 through 3-19.
3.2.2 Sulfate Data
August 1977 was the first intensive SURE measurement month. As such,
measurements were obtained from the full SURE ground monitoring network,
consisting of nine Class I stations and 45 Class II stations.
Analysis of the sulfate data (24-hour averages) provided by the SURE
network, showed that the episode began on 3 August as peak levels ranged
from 20 to 26 _g/m3 over extreme western Pennsylvania into central Ohio
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Figure 3-14 NOAA/VHRR Visible Band Image of 1350 GMT (0850 LST), 23 July
_9081_8 1978, Showing Distinct Haze Pattern now Located Well Eastward
off the Coast
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Figure 3-15 Landsat MSS-5 Visible Band Image of 1424 GMT (0924 LST), 23
July 1978, Showing Portion of Pollution Haze Area Located off o
the East Coast _§
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Figure 3-16 Landsat MSS-7 Near-lnfrared Image of 1424 GMT (0924 LST), 23
July 1978, Still Showing Increased Reflectance of High Con-
7008,_2 centration of Pollution Aerosols
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Figure 3-17 Map of Visibility Isopleths for 3 August 1977 1700 GMT (in miles)
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Figure 3-18 Map of Visibility Isopleths for 4 August 1977, 1700 GMT (in miles)
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Figure 3-19 Map of Visibility Isopleths for 5 August 1977, 1700 GMT (in miles)
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(Figure 3-20). By 4 August, peak sulfate concentrations had advected
slightly eastward and increased somewhat, ranging from 25 to 34 _g/m3
over central Pennsylvania and western New York state (Figure 3-21). Sul-
fate levels were slightly lower by 5 August, with peak concentrations of
20 to 24 _g/m3 elongated east-west from central New England westward into
the eastern Great Lakes region (Figure 3-22).
Comparison of the visibility maps with the sulfate analysis on 3
August, shows that only slight visibility reductions in haze (five to
seven miles) were associated with the peak sulfate concentrations of 20
to 26 _g/m3 from western Pennsylvania into central Ohio. The area of
less than four miles visibility along the coastal region from Delaware
to Connecticut is apparently associated with the weakening, stationary
frontal system. By 4 and 5 August, however, comparisons of the areas of
reduced visibility in haze, and the locations of peak sulfate concentra-
tions, show considerably better agreement.
3.2.3 Analysis of Satellite Imagery
Analysis of NOAA/VHRR and GOES satellite imagery for the period of
3-5 August indicated no well-defined haze patterns associated with the
moderately high sulfate episode, as were evident in the July 1978 case.
The early afternoon (local time) GOES visible imagery with the analyses
of the 24-hour sulfate levels superimposed are shown in Figures 3-23
through 3-25.
On 3 August (Figure 3-23), the initial day of increasing sulfate
levels, highest concentrations are located over western Pennsylvania and
eastern Ohio, immediately west of the weakening, stationary frontal sys-
tem. Scattered to broken thin high clouds are observed over the region
of maximum sulfate levels, and no haze area is in evidence.
By 4 August (Figure 3-24), sulfate levels have increased somewhat
and advected slightly eastward into central Pennslyvania with readings
>20 _g/m3 extending as far east as central New England. Once again,
however, there is no visible evidence of a haze area associated with
the reduced surface visibilities. Scattered to broken low clouds (strato-
cumulus and cumulus) are observed over the region of highest sulfate con-
centrations. The bright cloud cells (cumulonimbus) located over south-
eastern Canada, are associated with a developing, weak cold front.
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Figure 3-20 Analysis of 24-Hour Average Sulfate Levels from SURE Network
for 3 August 1977
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Figure 3-22 Analysis of 24-Hour Average Sulfate Levels from SURE Network
for 5 August 1977 __
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Figure 3-23 GOES Visible Land Image of 1830 GMT, 3 August 197_, with
24-Hour Average Sulfate Levels Superimposed (_g/m)
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Figure 3-24 GOES Visible Band Image of 1830 GMT, 4 August 197_, with
24-Hour Average Sulfate Levels Superimposed (_g/m _)
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Considerably greater cloud amounts are in evidence by 5 August
{Figure 3-25) as large cumulus cloud clusters, associated with a weak
cold front, are observed in eastern New York state and northeastern
Vermont. Broken low level cloudiness is also present throughout the
region of peak sulfate concentrations.
A NOAA/VHRR visible image taken at 1438 GMT on 4 August is shown in
Figure 3-26. Again, there is no evidence of a haze pattern associated
with the region of maximum sulfate concentrations, even with considerably
less cloud cover present in this mid-morning image.
3.3 Case 3 - 8-10 July 1974
3.3.1 Synoptic Situation and Visibility Data
During this period, the Northeast was dominated by warm and humid,
maritime tropical air flowing around the western extent of the Bermuda
High. On 8 July, a slow-moving cold front, extending from Quebec
to Minnesota, was advancing slowly southward. By i0 July, the weak cold
front was located along an east-west line extending from central New
England to Minnesota. Daytime high temperatures south of the advancing
cold front were generally in the 30-35°C range (mid 80's to low 90's °F)
with dew point temperatures ranging from 18 to 23°C {mid 60's to low
70's °F).
During 8 and 9 July, the overall surface wind flow was light southerly
to southwesterly, rarely reaching i0 knots at any reporting station. Even
at the 8S0-mb level, winds were from the southeast to southwest at less
than 8 mps {15 knots) over the midwest, and between northwest and north-
east along the east coast at speeds less than 8 mps {iS knots).
The development and transport of areas of reduced visibility in
haze are shown in Figures 3-27 through 3-29. During the three-day period,
the area of less than four miles visibility showed an overall transport
toward the northeast.
3.3.2 Sulfate Data
Analysis of sulfate levels during this period were derived from
selected stations in the EPA's National Aerometric Data Bank (NADB) and
..... from monitoring networks operated by the Tennessee Valley Authority (TVA).
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Figure 3-25 GOES Visible Band Image of 1730 GMT, 5 August 197_, with
24-Hour Average Sulfate Levels Superimposed (_g/m_)
7908}34 Figure 3-26 NOAA/VHRR Visible Band Image of 1438 GMT, 4 August 197_,
with 24-Hour Average Sulfate Levels Superimposed (_g/m)
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Figure 3-27 Map of Visibility Isopleths for 8 July 1974, 1700 GMT (in miles)
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Figure 3-28 Map of Visibility Isopleths for 9 July 1974, 1700 GMT (in miles)
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These analyses, shown in Figures 3-30 through 3-32, show peak sulfate
levels on 8 and 9 July centered over Ohio, West Virginia, western Penn- A
sylvania and western New York state. The 24-hour average sulfate levels
on 9 July ranged as high as 83 _g/m3 at Wheeling, West Virginia, to 45
_g/m3 at Huntington, West Virginia. By i0 July, peak levels were slightly
lower and centered further to the east along the coastal region from
Virginia northward into southern New England.
Comparison of the maps depicting the surface visibility isopleths
and the sulfate analyses for the three-day period, indicates a close
correspondence.
3.3.3 Analysis of Satellite Imagery
The overall haze pattern associated with the pollution event and
resulting low visibilities during this period was best depicted in the A
SMS-I visible images of 9 and i0 July, shown in Figures 3-33 and 3-34.
(SMS-I was the name assigned to the initial geostationary satellite of
the series subsequently named GOES.) These images, taken at 2100 GMT,
reveal a distinct haze band moving off the East Coast. Factors con-
tributing to the haze being so readily apparent in these images include
a low sun angle and the oblique viewing angle of the satellite. The
location of the haze band appears to correlate well with the observed
transport of the high sulfate episode across the Northeast. A portion
of the haze pattern is also evident in the mosaicked Landsat-l, MSS-4
C0.5 - 0.6 _m) visible band images of 9 July 1974, shown in Figure 3-35.
The area shown is centered near the Ohio-Indiana border region, where
visibilities of less than four miles in haze were reported. This area
is also close to the western extent of the maximum 24-hour sulfate levels
(>20 _g/m3) analyzed for 9 July. Although the haze could also be detected
in the MSS-5 band (0.6 - 0.7 _m) for these scenes, considerably lesser
amounts of grey tone were observed.
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Figure 3-30 Analysis of 24-Hour Average Sulfate Levels for 8 July 1974,
Derived from S_lected Stations in the EPA and TVA Monitoring
Networks (_g/m_)
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Figure 3-31 Analysis of 24-Hour Average Sulfate Levels for 9 July 1974,
Derived from S_lected Stations in the EPA and TVA Monitoring
Networks (_g/m_)
) ) ) .) ) ) ) ) ) ) )
) ,) ) ) _ ) )
7908071 7908145
10
10
2O
3O
4O
._J 30
10
10
Figure 3-32 Analysis of 24=Hour Average Sulfate Levels for 10 July 1974, _
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Figure 3-33 SMS Visible Band Image of 2100 GMT, 9 July 1974, Showing Dis-
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Figure 3-34 SMS Visible Band Image of 2100 GMT, i0 July 1974,
Showing that Haze Pattern has Advected Well Eastward _.
into the Atlantic
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Figure 3-35 Landsat-l, MSS-4 Band Image of 9 July 1974, Showing Haze
Pattern Evident Near the Ohio-Indiana Border Region, Where
Visibilities of Less Than Four Miles in Haze Were Reported
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4. MODEL SIMULATION OF REGIONAL POLLUTION
EPISODES FROM SPACE
4.1 Description of the Model
A computer program has been developed at ERT to simulate various
atmospheric conditions, including normal clear conditions and with clouds
or pollution layers in both the visible and infrared spectral ranges.
The program consists of an atmospheric transmittance model (LOWTRAN 3B,
Selby et al, 1976) and a radiative transfer model with the capability of
performing multiple scattering computations. The output of the combined
model can be intensity at any altitude (for satellite, airborne or ground
measurements) for any sensor look angle (normal or slant). Some other
applications of the model include the flux information for regional or
global heat budget consideration and the integrated intensity at all
levels for possible rate changes of atmospheric chemical reactions.
Program LOWTRAN 3B provides a prediction of the vertical or hori-
zontal transmittances of the atmosphere over a broad spectral range
(0.25 to 28.5 _m or 350 to 40000 cm-I) with resolution capability of
-I
20 cm ° Contributions of atmopsheric transmittance include the absorp-
tion of water vapor, uniformly mixed gases, ozone, nitrogen (_4 _m),
water vapor continuum (_I0 _m), molecular scattering and extinction and
scattering for different aerosol models. In each case, the abundances
of each species at all levels are provided; the absorption, scattering or
extinction coefficient is computed for each species at different spectral
regions. The uniformly mixed gases include CO2, N20 , CH4, CO and 02.
The mixing ratio of these gases remains constant at all levels. The
aerosol number density at each altitude for any given visual range can
also be prescribed as an input parameter. In addition, solar zenith
angle, which is a function of solar declination angle, geological loca-
tion, time of the year and hour of the day, is also included.
The program provides six different types of atmospheres - tropical,
mid-latitude summer, mid-latitude winter, subarctic summer, subarctic
winter, and 1962 standard atmosphere - for users to choose from. In
addition, a new model atmosphere (or radiosonde data) can also be inserted.
LOWTRAN 3B has been modified at ERT such that it also provides the alti-
tude profiles of the atmospheric opacity and single scattering albedo.
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The additional extinction and single scattering albedo information
of clouds or pollution plumes at any altitude in the atmosphere can then
be added to the normal atmosphere to compute the new opacity and single
scattering albedo profiles. Such information, together with the choice
of sun angle and background reflectivity, will then go through the radi-
ative transfer model to computer relative intensities.
The radiative transfer model provides a means of theoretical esti-
mates of the radiance (intensity) received at any altitude of an atmo-
sphere under clear or other meteorological conditions. The radiance
received at the surface comes from the downwelling radiation through the
atmosphere. The radiance sensed from a space vehicle is due to the
upwelling radiation which results both directly from the atmosphere and
also from the surface reflection or emission. At any intermediate alti-
tude, the radiance is a combination of both the upwelling and downwell-
ing radiations. Radiance estimates are calculations of the amount of
electromagnetic energy emitted at the frequencies considered. The total
energy received (sensed) represents the combined effects of emission,
absorption and scattering of the atmosphere within a field of view. In
the visible and infrared spectral range, the atmospheric absorption
effect is due to the presence of water vapor, mixed gas, ozone, nitrogen
and aerosols; the scattering effect is both aerosol and molecular. The
presence of clouds or other meteorological conditions further complicates
the problem due to their discrete scattering and absorption properties.
The formal relation which describes the passage through a medium is
the equation of radiative transfer. It governs the radiation field in a
medium which absorbs, emits and scatters radiation. The most general
form of the equation of radiative transfer for a plane-parallel atmo-
sphere, assuming axial symmetry about the zenith direction, can be writ-
ten as (Chandrasehkar, 1960):
dl(T,lJ)_ I(T,_) - J(T,p)dT
where p = the cosine of the vertical zenith angle,
T = the optical depth defined as
z Text(Z)dz Text being the total extinction coefficient
at altitude z above the surface, representing the sum of
both scattering and absorption effects (Yext = Text + Tabs),
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I = the radiance (intensity), and
J = the source function of radiation.
The source function can be written as
fJ(T,_) = Jo(_,_) + 1/2 p(_,_')l(_,_')d_'
where p(_,_') = the phase function, and
Jo = the primary excitation source function.
The explicit dependence on wavelength has been suppressed.
The phase function is normalized to represent the total energy scat-
tered by a single scatterer relative to the sum of the energy absorbed
and scattered by the particle:
f!o <11/4_r p(lJ,qb;IJ',4_')dlJ'd_' = t_° _
where m is the single scattering albedo defined as Ysca/Yex tO "
For an isotropic scatterer, the scattering is independent of angle
and p = constant = t_o. For cloud droplets or aerosols, the scattering
effect is largely in the forward direction. The phase function for an
un-isotropic scatterer can be written as
p = m (i + 3g)O
where g is the assymmetry factor. The value of g varies from -I (totally
backward) to 1 (totally forward) with 0 being the isotropic case.
To approximate anisotropic scattering, the similarity transformation
relationships given by van de Hulst (1967) can be adopted. Given the
assymmetry factor g, the single scattering albedo mo' and optical depth
• ' are transformed to
1 - g
,--(
mo 1 - mog o
and T' = T(I - mog)
mo' and r' are the single scattering albedo and optical depth one would
have to assume in an isotropic scattering problem in order to obtain
results similar to those for _o and T in the anisotropic scattering
medium.
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The term yet to be defined is the primary source function. It is a
function that varies for different wavelengths. In the visible spectral
range, it is the solar radiation field such that
J (_) = _ F e-T/pOO
where _F is the primary solar flux reaching the earth's upper atmosphere
at the wavelength considered, _o is the cosine of the solar zenith angle
and p is the phase function. In the case of isotropic scattering, p is
the single scattering albedo. In the thermal infraredreduced to _o'
range, the source function can be written in terms of the Planck func-
tion, assuming local thermal equilibrium, such that
J = (1 - _o)B
where the Planck function B is a function of wavelength and temperature.
In the near-infrared range, the source function is a combination of the
solar radiation field and the atmospheric thermal emissions.
After solving for J(T), the upwelling and downwelling radiances can
be written as:
I(_,_) = l(_*,_)e-(_*-T)/_ + _-_*J(t) e-(t-T)/_dt/_
and I(z,-V) = I(0,-_)e-T/u + J(t)e-(T-t)/_dt/_ (_ > 0)
O
respectively, where I(T*,_) = the upwelling radiance from the bottom of
the atmosphere (i.e., the surface), I(0,-_) = the downwelling radiance
from the top and T* is the total optical depth of the atmosphere con-
sidered (from space to surface).
I(T*,v) has two contributions: (I) surface emission and (2) surface
reflection. For a surface reflectivity R,
II(T*,_) = (I - R)Bsurf
I2(T*,V) = 2-R- I(z*,-_')v'd_' for Lambertian surface
O
or R.I(T*,-V) for specular reflection
4-4
ENVbRONMENTAL RESEARCH & TECHNOLOGY INC
where I1 = 0 in the visible range, 12 can be computed by assuming either
a Lambertian surface or a surface of specular reflection. A Lambertian
surface is defined by its "isotropic" reflection (independent of the
incident angle of the surface) which is usually the case with land back-
ground. Specular reflection takes place largely over water bodies.
The variational-iterative (VI) approach to solve for the radiative
transfer equation of a scattering atmosphere (Burke and Sze, 1977; Sze,
19.76)has been employed at ERT for modeling atmospheric effects in the
visible, infrared and microwave spectral ranges. The variational method
depends on finding the "extremum" of a certain functional; an 'a priori'
form is used for the unknown function and the coefficients are found from
a set of minimizing conditions. In essence, this method provides a
direction way for constructing an approximate solution for the source
function. The atmosphere is divided into subintervals and the source
function is approximated as a combination of step functions in different
intervals. The advantages of this technique are that: (I) it is fast
and requires little computational time to achieve satisfactory accuracy,
and (2) it allows vertical inhomogeneity and the inclusion of surface
effects. The detail of the variational-iterative technique for solving
the radiative transfer equation is presented in the appendix.
4.2 Constituents and Optical Properties of Aerosols
In order to describe a particle's optical properties, information
is needed on the particle's scattering and absorption coefficients. The
scattering coefficient is a measure of the particle's ability to inter-
cept light and to reradiate it. The absorption coefficient is a measure
of the particle's ability to absorb light. The absorption (scattering)
coefficient of a single particle is defined as
2
babs(scat) = _ r Qabs(scat)(_'r'fi)
where r is the radius of the particle and Q, a function of wavelength,
radius and the complex index of refraction of the particle, is the
efficiency factor of absorption or scattering computed from the Mie
equations. _fhenthere is a distribution of particles with different
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sizes in a volume, the total absorption or scattering coefficient is
simply the integral over all sizes.
2
babs_scat_tj= _ r -tjQabsrscat_ n(r) d r
The extinction coefficient is simply the summation of scattering and
absorption coefficients.
In the visible spectral range, the absorption coefficients of
aerosol particles are always much smaller than the scattering coefficients
such that the single scattering albedo is always close to I. In the
infrared spectral range, the absorption coefficients of aerosol particles
are approximately the same as the scattering coefficients which implies
a single scattering albedo of around 0.5. The scattering and extinction
coefficients are usually expressed in terms of per unit mass (b/x). Fig-
ure 4-1 shows the extinction and absorption per unit mass as a function
of particle radius for four different refractive indices at X = .55 _m
(green light). The scattering-to-mass ratio maximizes at r _ .3 _m
indicating particles at the size range of a few tenths of microns, are
much more effective light scatterers than larger or smaller particles.
As the energy needs have been expanding during the past decade,
emissions of sulfuric oxides (SOx) and nitrogen oxides (NOx) from power
plants have also increased significantly. These gases oxidize to form
sulfate (SO4--) and nitrate (NO3-) which (especially the sulfate) degrade
the visibility. Although sulfate contributes only part of the total mass
of pollutants, they dominate the optical properties (the light scattering
effect) over other constituents of pollutants. This is mainly due to
their size range: a few tenths of microns. As mentioned above, these
particles are the most effective light scatterers. Because of this fea-
ture, it is thus feasible to detect and monitor from a space-borne sensor
(or sensors) of the pollution episodes with high sulfate concentrations
which can be an indicator of health hazardous situations. The other
optical contributors include other particulates and nitrogen dioxide.
Defining the concentration and the size distribution of various pollutants,
however, is a complex task as it depends upon wind speeds, relative
humidity, mixing heights and other meteorological conditions. The model
adopted for this study is the more frequently used Labadie plume size
4-6
Figure 4-i Extinction and Absorption per Unit Mass as a Function of
Particle Radius for Four Different Refractive Indices at
z
Wavelength 0.55 um.
2
z
o
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distribution (used by ERT, SAI, etc.). Assuming a relative humidity of
SS%, the values at wavelength of .55 _m are:
BE/Xso4-- = 5.65 x 10-6 m-I/_g/m3 for sulfates,
BE/XTsP = 2.0 x 10-6 m-I/_g/m3 for other particulates
-I km-i which can be neg-
The NO2 absorption coefficient is 0.3 ppm
lected for large scale modeling from space.
4.3 Intensity Computations of Various Aerosol Loadings
Against a Clear Background
A series of intensity computations have been carried out with var-
ious aerosol loadings. The pollution episodes studied in this report
are all in the U.S. mid-west and northwest regions during summer months.
Therefore, a standard mid-latitude summer atmosphere with a visibility
of 23 km is assumed to be the unpolluted background conditions. The
visibility is defined as (Middleton, 1952):
3.91
VIS =
YE
where YE is the total extinction at .55 m. For VIS = 23 km,
YE = 3.91/23 x 103 m = 1.7 x 10-4 m-I
The background sulfate and other particulate concentrations of I0 and 20
_g/m3 are derived in addition to contributions of other atmospheric con-
stituents. The background values agree with the U.S. Northwest monthly
averages for summertime of 1974-1975 (Hidy et al, 1976 and Figure 4-2).
As described in Section 4.2, concentrations of both sulfate and
other particulates have to be taken into consideration for radiative
transfer model computations. It is necessary to assume corresponding
particulate concentration values in addition to those of sulfate for
modeling purposes. Fixed values of other particulates independent of
sulfate concentration is not realistic. Generally speaking, although
concentrations of sulfate and total particulates are not directly
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Figure 4-2 Time-Distance Transect _f Monthly Average Particulate Sulfate
Concentrations (in _g/m ) Representative of the Greater North-
east, Showing the Regional Extent of the Summer Peak (After
Hidy, et al, 1976)
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related, there is a tendency of higher concentrations of total parti-
culates with increasing sulfate concentrations. After studying the SURE
data of August 1977 extensively, a set of corresponding SO4 and parti-
culate concentrations is created for model computations (Table 4-1). It
is pointed out that in the SURE program, the particulate values include
those of sulfate. In the model computation, total particulate concentra-
tion does not include sulfate. Therefore, a (SO4 , particulate) measure-
ment of (20, 60) _g/m3 in the SURE program corresponds to (20, 40) _g/m3
in the model computation. The error produced in assuming the other par-
ticulate values is minor as its extinction coefficient is less than half
of that of the sulfate.
TABLE 4-1
Additional Resultant Atmospheric Additional E
(S04--, particulate (S04--, particulate (SO4-- + particulate "
Case# (_g/m3) (_g/m3) (m-1)
1 (2, 5) (12, 25) 2 x i0-5
2 (5, I0) (15, 3O) 5 x I0-5
3 (lO, 20) (20, 40) 1 x i0 -4
4 (20, 45) (30, 65) 2 x I0 -4
5 (30, 65) (40, 85) 3 x 10 -4
6 (40, 85) (50, i05) 4 x I0-4
N_
The Assumed Coupled Values of Additional (SO4 , particulate)
to the Atmosphere and the Corresponding Extinction Coefficient
(YE) (I0, 20) _g/m3 of (SO4 , particulate) is Assumed for an
Unpolluted Background Atmosphere with 23 km Visibility
Another parameter to be defined is the mixing height of the pollu-
tion layer. The mixing height is a parameter determined from various
meteorological conditions. The knowledge of the mixing height is cer-
tainly essential for model computations. During the August 1977 SURE
program, aircraft data were also available. The mixing height was gen-
erally of the order of 1500 m. This value is used for model computation
in this study. Arbitrary mixing heights can be assumed and would lead to
different results.
In addition to the mixing height, the surface reflectivity is yet
another variable to be determined. The surface reflectivity varies with
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wavelengths and background conditions. Figure 4-3 shows the variation
of surface reflectivities of various types of surfaces at different
wavelengths in the visible spectrum. A surface reflectivity R = .i is
assumed as the region of interest is mostly cultivated soils and hard-
packed surface.
The procedure of model computation can be summarized as follows:
CI) select an atmospheric model including prescribed temper-
ature, humidity and gas constitutent profiles, background
visibility and surface reflectivity;
(2) define the solar angle and the satellite view angle;
(3) compute the atmospheric opacity and single scattering pro-
files at defined wavelength;
(4) perform the radiative transfer compilation for intensity
observed from satellite;
_5) introduce additional amount of sulfate and particulates
representative of the regional concentrations and define
the mixing height;
_6) repeat 3 and 4 to obtain the new intensity and thus the
brightness contrast; and
(7) repeat 5 and 6 for different concentrations.
Some model computations are shown in Figures 4-4 to 4-6 at three
different wavelengths X = 0.45 _m, 0.55 _m and 0.65 _m representin_ blue,
green and red light spectral regions, respectively. Two solar angles
are chosen: the solar zenith angles of 0° and 60°, representing local
noon and two hours after sunrise or before sunset conditions. Satellite
view angle of 0° and 37° from the vertical are chosen representing
straight downward and slant paths.
Results show that near dusk or dawn, when sunlight reaches the
earth's surface in a slant path, the contrast is more pronounced. For
example, for 50 _g/m3 loading of sulfate, the intensity for straight
looking down case is close to 50% higher than the clear case when the
solar angle is 60° away from the vertical. The contrast is reduced to
less than 40% for the same case when the sun is overhead. Furthermore,
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Figure 4-3 Surface Reflectance for Various Types of Background
in the Visible Spectral Range.
Curve la is for Fresh Snow Conditions.
Curve Ib is for Ice-Covered Snow.
Curve 2 is for Clay or Limestone.
Curve 3 is for Desert.
Curve 4 is for Loam and Paved Roads.
Curve 5 is for Cultivated Soils.
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the view angle also plays a role on the intensity. For example, if the
sensor scans from 0° to 37° from the vertical, the relative brightness
increases as the optical path increases when moving away from the verti-
cal. The correction at the edge of the scan (37° from the vertical) is
in the order of 10%.
Comparing Figures 4-4, 4-5 and 4-6, it is seen that 0.65 _m (red
light) exhibits the largest relative increase in brightness as compared
to 0.55 _m (green light) or 0.45 _m (blue light). This is in agreement
with ground observations that in plumes of pollutants there is a tendency
of discoloration to reddish-brown. The blue/red ratio observed through
a pollution layer with respect to background is thus carried out:
Ip(0.45)/Ip(0.65)
B/R = ib(O.45)/ib(0 65)
where Ib and Ip are spectral intensities of the unpolluted background
and through pollution layers, respectively. B/R for the worst case
sulfate concentration of 50 _g/m3 is 0.927, within 10% of the background
value. The degree of discoloration is thus considered minor.
4.4 Comparison of Model Results with Satellite Digitized Data
The episode of 20-23 July 1978 was considered the best case to compare
the model results with the satellite digitized data. Portions of the
NOAA/VHRR (visible range) digitized data for 21-22 July were processed
and analyzed. Due to the excess amount of data, only certain scan lines
were chosen for analysis. These scan lines, shown in Figures 4-7 and
4-8, cover the heavily polluted regions and also areas where unpolluted
background values are representative. The satellite readout times were
1520 and 1536 GHT on 21 and 22 July, which correspond to 1120 and 1136
local times. The sun angle was thus close to normal. The brightness
values from the satellite readout are on a linear scale from 0 to 255
with the lower numbers representing brighter values.
Figures 4-9 and 4-10 show some typical scan lines. The values of
brightness (relative intensity) have been subtracted from 255 in the
original data set such that higher numbers represent brighter or higher
intensity values. Each scan line consists of 2000 pixels. Figure 4-9
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shows that between pixels 150 and 350, around 500, and between 1600
and 2000, substantial cloudiness existed, giving rise to the sporadic
high brightness readings against the background. A relative maximum
occurred between pixels 600 and 750, where the relative intensity value
is close to 55, against a typical background value of 35. Similar
patterns are also observed in another scan line (Figure 4-10), which
was about 50 km south of the previous scan line.
In the analysis, distinguishing between clouds and haze areas is
relatively simple since clouds exhibit a much higher reflectance
(brightness) than that from haze areas. Furthermore, the gradient in
brightness associated with cloud edges is quite distinct at the VHRR
resolution (I km), whereas for the polluted regions, the change in
brightness is much smoother and more gradual.
The brightness values were averaged for every hundred pixels, as
shown also in Figures 4-7 and 4-8. The designator "C" represents
regions of substantial cloud coverage. The brightness ratios are
obtained and compared with model results of Section 4-2 to create a
synoptic map of sulfate concentrations. Sulfate concentrations in the
dark, medium and light regions are estimated as 40-50, 30-40 and 20-30
_g/m3, respectively. The high concentrations of 21 July were largely
in the eastern part of Ohio, extending into western Pennsylvania and
northern West Virginia. On 22 July, the haze area had moved eastward
into the southeast Pennsylvania and New Jersey area. The areas of
pronounced concentrations were approximately 500 km x 500 km on 21 July
and 250 km x 500 km (over land only) on 22 July.
The results, both in terms of concentration and areal coverage,
generally agree with the 24-hour average synoptic maps produced by the
SURE ground measurements. One problem area is that in the analysis some
boundaries of polluted regions were not well defined from satellite
information due to the existence of clouds. However, the potential of
utilizing satellite information to monitor pollution episodes, both in
magnitude and areal extent, is clearly shown.
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5. DISCUSSION OF RESULTS
5.1 Comparative Analysis of Satellite Imagery and Ground-Based Measurements
A comparative analysis of satellite imagery and ground-based visi-
bility and aerosol measurements was carried out for three cases: 20-23
July 1978; 3-5 August 1977; and 8-10 July I974. Of these three cases,
each of which represented a significant pollution episode based on the
surface visibility and sulfate measurements, a distinct haze pattern
could be detected and mapped in the satellite imagery for one case (July
1978); a less distinct haze pattern could be mapped from the July 1974
case, whereas no haze pattern could be detected in the August 1977 case.
The fact that no haze pattern could be detected in the August 1977 satel-
lite imagery is believed to be due, at least in part, to cloud obscuration;
considerably more cloudiness was observed in the images during that
episode than for the other two cases.
In the July 1978 case, the extent of the haze pattern observed in
the GOES and NOAA/VHRR imagery correlated closely with the extent of the
low visibility (_ four-miles) area and the area of high sulfate concen-
trations (24-hour average levels >30 _g/m3). In this case, the haze
pattern was particularly easy to map over the darker background of the
ocean surface (except when obscured by sun glint); the haze boundary was
more difficult to distinguish over the higher reflectance of land areas.
The eastward transport of the haze pattern could be readily determined
from the satellite images over the four days of the episode. As surface
winds were light southerly, this eastward transport correlated more with
the 850-mb level (1500 m) winds, which were reported as westerly at from
8 to 12 mps (15-25 knots).
Based on the results of the data analysis, it appears that episodes
with marginally high sulfate levels (20 to 30 _g/m3), although accompanied
by reduced surface visibility in haze (f four-miles) over broad areas,
may not be detectable in the satellite imagery; these marginal episodes,
even when prolonged, display little or no indication of haziness in the
satellite images.
In the July 1978 case, low visibilities and high sulfate levels had
already been reported for two days prior to the day when a distinct haze
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pattern could be detected in the satellite images. It may be, therefore,
that a high pollutant episode must be prolonged for at least a period of
three to five days, and that sulfate levels (24-hour averages) must exceed
30 _g/m3 over a similar time period, for the haze to be readily detectable
from space.
5.2 Discussion of Simulation Model and Comparison between Model Results
and Satellite Digitized Data
The potential of utilizing satellite information to monitor both
the magnitude and areal extent of pollution episodes was demonstrated
through use of a simulation model. Whereas satellite imagery is useful
to delineate the existence of a haze pattern, digitized data are necessary
to provide quantitative information on the total aerosol loading derived
from an atmospheric radiative transfer model.
In the study, a sample of NOAA/VHRR digitized data was analyzed due
to the excess amount of data and the computer time involved in processing
the data, scan lines were chosen such that they are about 25-50 km apart
from each other. Such spacing was sufficient because the extent of the
hazy area was in the order of a few hundred kilometers. If, on the other
hand, a smaller regional episode is to be monitored or a finer structure
is desired, a spacing of I0 km between adjacent scan lines can be adopted.
It proves to be an efficient procedure to process digitized data for
properly selected scan lines, such as those shown in Figure 5-1 for the
22 July 1978 case. The analysis of these scan lines, which cover both
the hazy areas and also the unpolluted background, is discussed in
Section 4.
Naturally, in modeling any atmospheric conditions, there are un-
certainties from various other parameters. Some uncertainties involved
in the aerosol loading modeling are: (i) the composition of the aerosols
(the ratio of SO4 /particulate concentration and their size distribu-
tions); (2) the variation in surface reflectivity; (3) the mixing height
of the pollution layer; and (4) variations in other meteorological condi-
tions. However, with the available knowledge of the background and the
properties of typical aerosols, the uncertainties can be reduced. It was
shown that the aerosol amounts predicted by the model were in good agree-
ment with surface measurements. This suggests a promising future for
satellite monitoring of regional pollution episodes on a regular basis.
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Figure 5-1 NOAA/VHRR Visible Band Image of 1435 GMT (0935 LST), 22 July
1978, Showing area of Maximum Haze Reflectance Centered Near
40°N and 75°W, With Locations of Selected Scan Lines Indicated
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5.3 Discussion of Existing Satellite Data Systems
The satellite data acquired for use in the study included NOAA/VHRR,
DMSP, GOES, and Landsat. Of these satellite data systems, Landsat is
the least suitable for monitoring regional pollutant episodes because of
the limited area viewed and infrequent repeat coverage. Landsat has
other applications for environmental data collection, such as detailed
study of smoke plumes that may be observed in a particular scene, but
in its present configuration the system does not have application for
monitoring regional-scale episodes.
The NOAA/VHRR and DMSP are relatively similar systems, although
the VHRR data are more readily accessible. Moreover, DMSP data are not
available in digital tape format. Since these satellites are in polar
orbits, each satellite provides only two observations per day, with the
times of the overpasses remaining essentially unchanged from day to day.
A region of the earth is therefore always viewed at essentially the same
time and at the same sun angle; this somewhat limits the application of
the data for monitoring pollutant episodes. TIROS-N, which is now in
operation, carries the improved AVHRR sensor, but has a similar orbital
configuration to the previous NOAA spacecraft.
Based on the analysis carried out in the study, the GOES system
appears to be the most useful for monitoring pollutants on a regional
scale. The greater frequency of coverage (every half-hour) permits a
region to be viewed at different sun angles and provides a greater
opportunity for viewing a region with favorable cloud conditions.
Moreover, the sensor resolution, even atthe intermediate processing
format (2 km), is adequate for monitoring regional haze patterns.
The satellite data analyzed in the study consisted of only the
visible-channel imagery. Concurrent thermal-infrared imagery was
examined in one case to assist in clarifying that the pattern observed
over the ocean was a haze pattern and not thin cirrus cloud. Otherwise,
no distinct patterns corresponding to the haze patterns seen in the
visible images could be detected in the thermal infrared data. In an
earlier study (Bowley et al, 1977), a thermal pattern that appeared to
correspond to the extent of a pollution episode was observed in a DMSP
infrared image; a further assessment of the application of thermal
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infrared data should be made, perhaps using digital tape data in order
to determine more quantitatively the subtle differences that may be
associated with high pollutant levels.
Imagery for the satellite systems discussed above has been archived
since about 1973. The DMSP data archive is sporadic, however, and the
quality of the archived images varies considerably. It should be noted,
though, that data in the imagery format can only be used for qualitative
analysis; the many factors that influence the processing of the images
result in day-to-day variations that are difficult to account for com-
pletely when attempting to attain a quantitative assessment of a pollution
episode over a period of several days.
For quantitative study, digitized data are needed. However, the NOAA/
VHRR digitized data have not been routinely archived, so it may be im-
possible to acquire digitized data to study an earlier event. The GOES
digitized data have been archived, but only for a very limited number of
observations per day Cthree infrared observations and only one visible
observation). According to a report by Hoppe _1978), the NOAA Satellite
Data Services Division intends to initiate the archiving of the complete
GOES data; this is to be strongly encouraged.
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6. CONCLUSIONS AND RECOMMENDATIONS
6.1 Conclusions
The results of the analysis of three cases show that when a regional
air pollution episode has built up over a period of three to five days
to a point where sulfate levels of _ 30 _g/m3 are being measured, a haze
pattern that correlates closely with the area of reported low surface
visibilities (_ four miles) and high sulfate levels can be detected in
satellite visible-channel imagery. The extent and transport of the haze
pattern can be monitored from the satellite data over the period of the
maximum intensity of the episode. In the other cases, with lower levels
of sulfate being measured, the haze patterns are more difficult to detect
in the imagery.
In addition to the analysis of the satellite imagery, the feasibility
of detecting pollution episodes from space was investigated using a simu-
lation model. The results indicate that it is possible to monitor both
the magnitude and areal extent of pollution episodes. Quantitative
information on total aerosol loading derived from an analysis of satellite
digitized data using an atmospheric radiative transfer model agrees well
with the results obtained from surface measurements.
Although the only available digitized data were from the NOAA/VHRR,
the analysis of the imagery indicates that the GOES geostationary system
has the greatest potential application for monitoring pollution episodes
on a regional scale. The principal advantage of GOES satellite is its
capability to provide more frequent observations {every half hour),which
enables a region to be viewed at varying sun angles and increases the
probability for acquiring a cloud-free observation. GOES also has the
capability to provide information on diurnal variations of pollutant
episodes. For regional monitoring, the spatial resolution of the exist-
ing GOES visible channel sensor proves to be adequate.
The results of the study demonstrate that the earth-observational
satellite can provide the air pollution meteorologist with another tool
for monitoring regional pollution episodes. The advantage of the satel-
lite over ground-based measurements is that it provides an immediate
delineation of the extent of the haze pattern associated with the pol-
lution episode. Of particular interest is that the haze pattern can be
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delineated better over the darker ocean background than over the higher
reflecting land areas. Thus, it is possible to use the satellite to
monitor the transport of a haze pattern off the East Coast, where no
other data sources are available.
6.2 Recommendations for Further Study
The purpose of this study has been to look at the overall physical
processes on a regional basis, rather than to determine quantitative
information on total aerosol loading. The results of the study have
shown qualitatively the potential of the satellite to detect haze
patterns on a regional scale. The results of the imagery analysis and
of the simulation modeling are sufficiently encouraging to recommend that
further study, directed toward a more quantitative approach, be under-
taken.
Further analysis of the digitized satellite data for the July 1978
episode should be carried out to evaluate the capability of the use of
digitized data for determining actual sulfate concentration thresholds.
Because of the expense involved in the processing of the full-resolution
data, it has only been possible to analyze a limited amount of the digitized
data. The objective of the analysis carried out to date has been to
examine the difference in the overall reflectance values within the hazy
area as compared to the region outside the haze pattern. Further analysis
should now be carried out to compare the quantitative reflectance values
against actual sulfate measurements to determine the reflectance variations
within the haze pattern region and see whether a relationship does exist
between the reflectance and the aerosol loading.
Another limitation of the current study is that the digitized data
analyzed were from the NOAA/VHRR, which is only one observation time each
day. Similarly, a GOES tape that was acquired from the NOAA Satellite
Data Services Division (SDSD) contains visible data for only one observa-
tion time each day. Therefore, it has not been possible to examine pol-
lution patterns over periods of a few hours or the diurnal cycles. Using
the more complete GOES digitized data archived at NASA/GSFC, it would be
possible to examine the satellite-viewed pollution patterns over a period
of several hours and compare the patterns with 3-hourly sulfate values.
The analysis of additional GOES imagery and digital data would enable a
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better assessment of the effects of clouds and sun angle on pollution
detection from a satellite, and would permit a study of the transport
of haze patterns over the ocean off the East Coast.
The current study also was concentrated only on the analysis of the
visible channel (reflectance) data. The potential application of near-
infrared and thermal infrared observations for pollution detection needs
further study.
The results of the current study indicate that a GOES-type system
has the greatest potential for monitoring regional pollution episodes.
Further study will provide quantitative results that will enable better
definition of the satellite sensor and configuration characteristics
for future observing systems.
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APPENDIX
THE VARIATIONAL-ITERATIVE TECHNIQUE FOR
SOLVING RADIATIVE TRANSFER EQUATION
The source function of the radiative transfer equation described
in Section 2 can be rewritten as
(_o('_) / j(t)El([t__l)d tJ(T) : Jo(_) +
(D-l)%('0 '*
* _ • E2(_*-T)[(1-R)B(Tgr) + 2.R. J(t)E2(T*-t)dt ]D
(the third term is 0 in the visible range) where the exponential integral
th
E of the n order is defined as
n
I"
/ e-x/_ _ n 2,
n-2
En(X) " d = l, ...
The variational-iterative technique was first developed by Sze (1976)
and extended by Burke and Sze (1977). It provides a direct method for
constructing an approximate solution to the integral equation for the
source function.
The VI technique provides a direct method for constructing an
approximate solution to the integral equation (D-I) for the source func-
tion. An approximate source function can be expressed as
Ja(Z) = Ua(T)%F_'o(T)
N
where Ua(T ) = _ CiVi(T )i=l
and the Vi(T) are known trial functions. The choice of trial functions
plays an important role in the ultimate success of the variational
method (Kourganoff, 1963). In the variational solution, simple step
functions were chosen as the trial functions. This choice (I) makes it
simple to perform the integrals required in (D-I) and (2) the intervals
can be chosen to resemble multiple cloud layers, the weights Ci4_ii for
each layer represent the average source function in that layer where _.z
is the single scattering albedo for the layer.
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The total optical depth T* is divided into N-I intervals with ai
constant over each interval. The trial function then is
Vj(T) = {i TJotherwise<T _ Tj+I
The Ci then are solutions of the algebraic equation
N
[M .C =f.
j=l i3 j
"_i+
where Mij = _ijATj - _ / Dlj(z)dr
2 Ti
0 i/j6iJ i, = j
j +1Dj(T) = El([T-tl)dt
T
¢q
and fl = (_J B(T(_i)) + _ E2(T*-xi) (1-R)B(Ts)
1
The variational solution is an approximation to the actual solution
which is correct at least at one level within each layer. A smoothed
approximation for the source function then can be constructed:
_o(T)
• J1 (T) = Jo (T) + 2 E2(T*-_)(1-R)B(Ts)
_o(T) N-1
+ _ j_:l Cj _j(T) Dj(_)
N-I _j.+l+ _o(T) E2(T*-_) R X Cj _mj(T) E2(T*-t)dtj=l
J
Sincethe smoothedapproximationis a summationover layerswith oscil-
latingresidual errors• it provides a reasonable first estimate of the
true source function. Improved accuracy may be obtained by further
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iterations of the integral equation for the source function as:
Jn+l {T) = Jo (T) + 2 E2(z*-T)(1-R)B(Ts)
T ¢r
_oC_)_o+ 2 El(l_-tl)Jn(t)dt
• .T*
+ _O(T) E2(r*-T ) Rf E2(r*-t)JnCt)dt
Jo
The residue of the nth iteration is defined as
Jn - Jn-I IAn = Jn
By specifying the maximum residue allo_ed, the iteration process then
brings the source function to desired accuracy.
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